Abstract: Lysosomal acid lipase (LAL) deficiency is a metabolic (storage) disorder, encompassing a severe (Wolman disease) and attenuated (Cholesterol ester storage disease) subtype; both inherited as autosomal recessive traits. Cardinal clinical features include the combination of hepatic dysfunction and dyslipidemia, as a consequence of cholesteryl esters and triglyceride accumulation, predominately in the liver and vascular and reticuloendothelial system. Significant morbidity can arise, due to liver failure and/or atherosclerosis; in part related to the severity of the underlying gene defect and corresponding enzyme deficiency. Diagnosis is based on demonstration of decreased LAL enzyme activity, complemented by analysis of the cognate gene defects. Therapeutic options include dietary manipulation and the use of lipid-lowering drugs. Sebelipase alfa, a recombinant enzyme replacement therapy, has garnered regulatory approval, following demonstration of improvements in diseaserelevant markers and clinical benefit in clinical trials, which included increased survival in the most severe cases.
Introduction
Lysosomal acid lipase (LAL) deficiency is an autosomal recessive disorder of metabolism caused by defects of the LIPA gene, resulting in disruption of intralysosomal degradation of cholesteryl esters and triglycerides and accumulation of relevant substrates. Clinical pathology primarily involves the liver and the vascular and reticuloendothelial systems. Causal gene defects are heterogeneous, with over 100 LIPA mutations having been identified in patients with LAL deficiency. 1 Hepatomegaly associated with liver dysfunction and an abnormal lipid profile (elevated low-density lipoprotein [LDL] cholesterol and triglyceride levels, decreased high-density lipoprotein [HDL] cholesterol) are characteristic clinical features. The dyslipidemia has been attributed to the inability to release free (unesterified) cholesterol from lysosomes, leading to a cascade of downstream intracellular events and an associated atherogenic lipid profile. Liver biopsy demonstrates micro-or macro-vesicular steatosis involving Kupffer cells and hepatocytes, accompanied by fibrosis and cirrhosis as the pathology progresses. Chronic (untreated) dyslipidemia may lead to accelerated atherosclerosis and a high risk of cardio-(i.e., myocardial infarction, coronary heart disease) and cerebrovascular (stroke) complications.
Disease severity is related to the presence of residual LAL enzyme activity and indicated by the age of onset ( Figure 1 ). In the rapidly progressive form (Wolman disease, WD), the median age at initial presentation is in the first month of life, with a median age of death in untreated patients at 3.7 months. 2 The eponymous designation is an acknowledgment of an early case reported by Moshe Wolman. In addition to hepatosplenomegaly, adrenal calcification is a characteristic feature of WD.
In two unrelated infants the diagnosis of hemophagocytic lymphohistiocytosis (HLH) was initially considered; with WD established as a diagnosis following progression to cholestasis and liver failure. 3 Hemophagocytic lymphohistiocytosis (HLH) is a potentially lethal condition resulting from macrophage activation; it can arise as inherited or be acquired; secondary to infections, immune deficiency, and malignancy. It has been hypothesized that cholesteryl ester-induced inflammasome activation in cells of monocytic lineage may play a role, leading to secondary HLH or a phenocopy of LAL deficiency. 4 However, it is notable that the pattern of pathological disruption as a result of macrophage activation in HLH is similar to another reticuloendothelial storage disorder, namely Gaucher disease. Studies in the LAL gene-knockout mouse model indicate critical roles of LAL in the development, homeostasis, and function of T cells, defects of which have subsequently been shown to be corrected by myeloid-specific expression of human lysosomal acid lipase. 5 Interestingly, a similar effect was achieved by blocking stat3 and NF-κB p65 signaling using small-molecule inhibitors in myeloidderived suppressor cells; pointing to putative molecular pathways. 6 
Diagnosis and Differential Diagnosis
The attenuated phenotype, cholesteryl ester storage disease (CESD), is often heralded by an abnormal lipid profile, liver function abnormalities or gallstones as incidental findings. Manifestations are evident in childhood or later. 2 Diagnosis may be delayed; especially in the absence of a family history (e.g., affected sibling). In some patients delayed initiation of therapy can lead to significant hepatic dysfunction with cirrhosis and resultant co-morbidity (e.g., esophageal varices and upper gastrointestinal bleeding, liver failure).
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Of note, LAL enzyme activity does not fully predict disease severity, and assay results should therefore not be used to assign disease subtype. In addition, there is minimal information on the prognostic value of genotype, although homozygosity for null alleles where enzyme activity is undetectable tends to correlate with severe disease; whilst mutations associated with residual enzyme activity may have a mitigating effect on clinical expression.
LAL deficiency has an estimated prevalence ranging from 1:40,000 to 1:300,000. A recent UK-based study among a cohort (n-1825 patients) with dyslipidaemia and elevated transaminases failed to identify a case of LAL deficiency. 8 Liver biopsies from six of the study patients enabled DNA extraction from four cases; two of these were found to be homozygous for the LAL c.46A>C;p.Thr16Pro
Severe Attenuated variant in exon 2 of uncertain significance. 8 These observations highlight caution when making a diagnosis, based on molecular genetic analysis alone. Diagnostic delays are frequent; unless there is relevant family history and as with other rare diseases are best explained by the association of non-specific and highly prevalent clinical manifestations. This has prompted a search for biomarkers that can be used for screening, amongst high-risk population. 9 Presenting features such as hepatomegaly and evidence of storage (foam cells) can be seen in other relatively more common lysosomal storage disorders (LSD) such as Gaucher disease (GD) and Niemann-Pick disease (NPD) types B and C; thus if the strategy is single-gene testing with analysis of enzyme activity, evaluation for LAL deficiency would be appropriate when these conditions are ruled out. However, increasingly gene panels for associated diagnoses are being employed and may allow diagnosis of LAL deficiency even when clinical awareness is low. Of note, primary central nervous system (CNS) involvement, as encountered in neuropathic GD and NPD types A and C, is not a feature of LAL deficiency. Moreover, thrombocytopenia -a major feature of GD and NPD -is less frequently seen in LAL deficiency, although this is not necessarily an exclusionary finding. A biomarker (ie, chitotriosidase), found to be elevated in GD and used in screening tests for this disorder, is also increased, although usually to a lesser extent, in LAL deficiency and NPD. 9 Most laboratories that offer testing for LSDs often perform multiplex screening, which would include measuring the enzymatic activity of β-glucosidase (GD), acid sphingomyelinase (NPD types A and B) and LAL. Including a novel biomarker, lysosphingomyelin-509, in screening tests for suspected cases of NPD type C has been suggested to potentially increase diagnostic yield. 10, 11 Other biomarkers, such as oxysterols (e.g., cholestane-3beta,5al-pha,6beta-triol), have also been described to be abnormally elevated non-specifically in LAL deficiency, NPD type C, and cerebrotendinous xanthomatosis. 12 The possibility oxysterol intermediates may have a contributory role in the clinical expression of these disorders has been raised, although more studies would be required to establish mechanistic links. 13 As with LAL deficiency, these other LSDs (GD, NPD) are inherited in an autosomal recessive fashion. LAL deficiency should be considered in cases wherein dyslipidemia (± liver dysfunction) prompts evaluation for suspected familial hypercholesterolemia, non-alcoholic fatty liver disease (NAFLD) or non-alcoholic steatohepatitis (NASH), and/or metabolic syndrome (i.e., a combination of features including abnormal lipid profile, elevated blood glucose, hypertension, excess waist circumference fat). Of interest, screening by testing peripheral dried blood spot (DBS) samples in a high-risk cohort of 81 patients with a diagnosis of NAFLD, with 78 matched control patients with HCV-related liver disease, revealed LAL activity to be significantly reduced in this population, particularly evident in those with pre-cirrhotic disease.
14 Furthermore, LAL activity correlated with platelet and white blood cell count, which suggested the presence of portal hypertensionassociated cytopenias may be a confounder in the accurate determination of enzyme activity. 14 This is an important consideration in screening studies of relevant patient populations, wherein testing involves measuring LAL activity on DBS cards. It has further been reported that reduced LAL activity may be observed in patients with severe liver disease and may be a contributory factor in pathogenesis. 15 The latter observation underscores the need to differentiate primary from secondary LAL deficiency, so patients are treated appropriately.
Management
Until recently, treatment for LAL deficiency was primarily symptomatic and involved a combination of dietary manipulation and the use of lipid-lowering drugs. 16 Several procedures could also be performed in those with advanced disease; these measures included splenectomy, ligation of esophageal varices, and liver transplantation, in an effort to assuage symptoms or deal with end-organ failure; hematopoietic stem cell transplantation had also been undertaken to halt disease progression.
Hematopoietic Stem Cell/Bone Marrow Transplantation
Prior to the availability of enzyme replacement therapy (ERT), hematopoietic stem cell transplantation (HSCT) had been undertaken in several patients with WD. A single-center report by Tolar et al provides outcome data on two affected patients subjected to HSCT. 17 In one child, transplanted at 19 weeks of age, disease course was complicated by sinusoidal obstruction syndrome (SOS) on 19 days post-procedure (PP); the child subsequently died (day 67 PP) from a combination of problems: multi-organ (i.e., liver, kidney and lung) failure, coagulopathy, and sepsis. The other child, transplanted at a later age (19 months), developed sepsis and liver failure on day 14 PP and died at age 27 months. 18 At the time of the above report (2009), two additional WD patients were noted as long-term survivors; outcome described the resolution of diarrhea within weeks after engraftment, improvement of hepatosplenomegaly and normalization of liver function. 18 The elder patient, age 11 years at follow-up, had normal adaptive functions; however, mild to moderate neurocognitive deficiencies were evident, felt to be secondary to the treatment course and other ensuing medical problems. The younger patient, at age 4 years had age-appropriate neurodevelopmental and adaptive abilities. A more recent publication describes two brothers with the WD phenotype subjected to HSCT; unfortunately, both subsequently died from liver-related complications. 18 The older sib, transplanted at 127 days of life, succumbed at age 6 years; whilst the younger sib who underwent HSCT at the age of 8 months developed multi-organ failure and died at day 21 PP. Incidentally, the paper by Yanir et al provides a summary of transplanted cases reported by 2013; altogether 10 subjects, including the cases reported by Tolar et al 18 .
Liver Transplantation
As with HSCT, liver transplantation had been undertaken in patients with LAL deficiency prior to the availability of disease-specific enzyme therapy. On the whole, the outcome for the severe phenotype has been dismal. For instance, a report on two sisters, both diagnosed in infancy, describes progressive deterioration despite prior splenectomy and liver transplantation. 19 One sister survived for 5 years postliver transplant, the course of which had been complicated by intermittent, acute rejection. Examination of the liver allograft revealed features characteristic of LAL deficiency, including progressive, microvesicular steatosis, foamy macrophage aggregates, and vacuolated Kupffer cells, associated with advanced fibrosis and micronodular cirrhosis. 19 Recurrence of disease in the donor liver was attributed to infiltration by host-derived cells of monocyte-derived macrophages, which remained deficient in LAL enzyme activity. 19 Additionally, the above report by Bernstein et al provides the outcome of 18 LAL deficiency cases-postliver transplant; noted were disease progression in 11 (61%) patients and death in six (33%). 19 These observations demonstrate both the inadequacy of liver transplantation alone as a therapeutic approach and procedure-related morbidity.
There are no reported cases of patients with LAL deficiency subjected to both HSCT and liver transplantation. Whether outcomes following transplant can be modified either by pretreatment with enzyme replacement or a combination strategy has not been examined. Obviously, due consideration must be given to risk: benefit, and early diagnosis with timely initiation of ERT will likely be prioritized.
Enzyme Replacement Therapy
Proof of concept for ERT as a therapeutic option was demonstrated through outcomes observed in the null mouse model, generated through a targeted disruption of the LAL locus and reported as mimicking the human LAL deficiency phenotype. 20 Mannose-terminated human LAL (1.5 U/dose) expressed in Pichia pastoris (phLAL), given via tail vein injections to two-month-old LAL null mice once every 3 days for 30 days (total=10 doses), led to near-complete resolution of the hepatic discoloration; associated with a 36% decrease in hepatic weight, compared to PBS(sham)-treated LAL null mice. 21 Examination of tissues obtained from phLAL-treated mice revealed reductions in macrophage lipid accumulation. Additionally, triglycerides and cholesteryl levels decreased; by approximately 50%, 69% and 50% in the liver, spleen and small intestine, respectively. 21 Similar findings were obtained following the administration of an alternative plant-expressed enzyme formulation, generated using the GENEWARE expression system in Nicotiana benthamiana (tobacco) cells. 22 Further observations included the detection of antihLAL antibodies, but there were no adverse events observed in LAL null mice. 22 The outcome of subsequent open-label clinical trials involving recombinant human LAL (sebelipase alfa) is described in relation to publication dates. Of note, the majority of patients (56/84, 67%) enrolled in the sebelipase alfa clinical trials (LAL-CL01/LAL-CL04 and LAL-CL03, see Table 1 ) were children (from 1 month up to age 18 years).
A Phase 1/2 open-label study (aka LAL-CL01) enrolled nine adult patients; grouped into 3 cohorts, each of which received an escalating dose of sebelipase alfa (0.35, 1, or 3 mg/kg/body weight) given weekly for 12 weeks. 23 All patients (mean age 31.6 ± 10.7 years; range 19 to 45 years) were Caucasian; predominantly males (n-6). Sebelipase alfa was well tolerated, with adverse events that were mild and deemed unrelated to study drug. No antidrug antibodies were detected, although the period of observation was short.
Patients who completed study participation in LAL-CL01 were eligible to enroll in an extension phase (LAL-CL04), which lasted through to week 52. 24 In these adults-only study, patients already on lipid-lowering drugs were maintained on their regimen at a stable dose. Liver transaminase levels decreased in treated patients in the LAL-CL01 study and increased between studies when treatment was interrupted (i.e., while awaiting enrolment into LAL-CL04). In seven patients on sebelipase alfa treatment, the mean (± standard deviation) percent decreases for alanine aminotransaminase (ALT) and aspartate aminotransferase (AST) at week 12 (compared to the baseline values in LAL-CL01) were −46 ± 21 U/L (−52%) and −21 ± 14 U/L (−36%), respectively (p ≤ 0.05). 23 Through week 12 (i.e., 24 weeks of therapy), these patients also showed mean decreases from baseline in total cholesterol of −44 ± 41 mg/dL (−22%; p = 0.047), LDL cholesterol of −29 ± 31 mg/dL (−27%; p = 0.078), and triglycerides of −50 ± 38 mg/dL (−28%, p = 0.016), with an increase in HDL cholesterol of 5 mg/dL (15%; p = 0.016). 23 Of note, in the extension phase (LAL-CL04), sebelipase alfa was given at 1mg/kg or 3mg/kg every-other-week; 8/9 adult subjects (mean age at first dose=31±11 years) enrolled. At week 52, the mean ALT and AST levels for the group were within normal limits; representing a mean change from baseline of −58% and −40%, respectively. 24 Also noted was a mean reduction in liver volume (assessed by magnetic resonance imaging) and in hepatic proton density fat fraction by −12% and −55%, respectively. 24 Moreover, the mean changes for LDL cholesterol, total cholesterol, triglyceride and HDL cholesterol were observed by −60%, −39%, −36% and +29%, respectively. 24 These observations were interpreted as consistent with a decrease in disease burden.
Adverse events in these adult trials were mainly mild and deemed unrelated to sebelipase alfa. 23, 24 Infusionrelated reactions were uncommon, although three events of moderate severity were reported in two subjects; in one patient this was suggestive of a hypersensitivity-like reaction, but this was reported as not confirmed on additional testing, and the subject continued treatment with sebelipase alfa. Of samples tested, no anti-drug antibodies have been detected. 23 Study (LAL-CL03) evaluated the safety and efficacy of ERT with sebelipase alfa in infants (n-9) with LAL deficiency, who demonstrated growth failure or other evidence of rapidly progressive disease with onset before 6 months of age. 25 The median age at baseline was 3.0 months (range 1.1-5.8 months). Patients received sebelipase alfa at 0.35 mg/kg once weekly for the first 2 weeks and then increased to 1 mg/kg once weekly. Dose escalation to 3 mg/kg once weekly was allowed (based on clinical judgment); this change in dose occurred as early as 1 month and up to 20 months after starting treatment at the 1 mg/kg dose. A further dose escalation to 5 mg/kg once weekly was also permitted; subsequently undertaken for two patients, one with neutralizing antibodies and less than expected improvements in growth (compared with other infants in the study) and in another patient due to persistence of elevated liver transaminase levels, hypoalbuminemia, and both poor weight gain. 25 During this trial, there were three deaths in the first few months of life; two cases because of advanced disease, and a third following complications related to abdominal paracentesis that was not a protocolspecified undertaking.
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Survival to 12 months of age was noted in 6/9 (67%) treated infants, compared with 0% for a historical control group (n = 21). 25 These six children exhibited improvements in weight-for-age; additional findings included reductions in both hepatosplenomegaly and markers of liver dysfunction (ALT, AST), as noted in the adult trials. Also, there were improvements in anemia and gastrointestinal symptoms. Unfortunately, one of these patients subsequently died at 15 months of age attributed to cardiac complications, deemed unlikely related to study drug. 25 Post-mortem studies revealed evidence of early hepatic cirrhosis, xanthomatous changes in the lungs and intestine, and widespread lipid vacuoles and lipid-laden macrophages in the spleen and bone marrow. 25 All five remaining survivors (56%) from the pediatric study (LAL-CL03) lived to age ≥24 months; on sebelipase alfa treatment, they displayed marked improvement in liver function and overall growth. 25 Serious adverse events (i.e., infusion-related reactions [IRR]: tachycardia, pallor, chills, and pyrexia) were reported in one infant. Most of the other IRRs were deemed mild and no serious adverse events, in line with enzyme therapy infusion experience for other LSDs. Independent of the above open-label (pediatric and adult) studies, there was a multicentre, randomized, double-blind, placebo-controlled trial (LAL-CL02, aka ARISE ClinicalTrials.gov number, NCT01757184) involving 66 patients (76% [50] of whom were ≤18 years of age). 26 Patients who had undergone transplantation or had severe liver disease (defined as Child-Pugh class C\) were excluded from enrolment. 26 Age range at randomization was 4-58 years old. Sebelipase alfa was given intravenously (at a dose of 1 mg/kg of body weight every other week) for the initial 20 weeks; a comparator placebo arm enrolled 30 patients. This trial was followed by an openlabel treatment phase for 65 patients; four (6%) of whom had their dose increased to 3 mg/kg once every other week (based on clinical response; in line with the approach taken in other sebelipase alfa studies). 26 Baseline disease burden was deemed "substantial" in the majority of the LAL-CL02 study subjects; for instance, LDL cholesterol levels were very high (≥190 mg per deciliter) in 38 (58%) patients; of these 9 (24%) were on maintenance (stable) doses of lipid-lowering drugs. 26 Additional findings noted for this "substantially" affected cohort included: hepatomegaly (67% had a liver volume ≥1.25 times the normal volume) and splenomegaly (21% spleen volume ≥4 times the normal volume). Liver-biopsy samples, obtained at baseline for 32 (48%) patients, revealed fibrosis (Ishak score, ≥1, on a scale from 0 to 6, with higher scores indicating a greater degree of fibrosis); 15 (47%) of these had bridging fibrosis (Ishak score, 3 or 4), whilst cirrhosis (Ishak score, 5 or 6) was noted in 10 (31%); the mean age for this later severe subgroup was 12 years. 26 The endpoints assessed in the LAL-CL02 (ARISE) study were: Primary-normalization of ALT; Secondary-normali zation of AST; decreases in LDL-/non-HDL cholesterol, triglyceride levels and liver fat content (assessed by multiecho gradient echo magnetic resonance imaging, MEGE-MRI); increase in HDL cholesterol; and improvement in hepatic steatosis (based on morphometry). 26 At the end of the placebo-controlled phase (20 weeks), the ALT level was normal in 11/36 (31%) treated patients, as opposed to 2/30 (7%) in the placebo group (p=0.03); reflecting a mean change from baseline of −58 U per liter versus −7 U per liter (P<0.001), respectively. 26 There were also improvements in the secondary endpoints of lipid profile and a reduction in hepatic fat content (P<0.001 for all comparisons, except p=0.04 for triglycerides). Paired liver biopsies (at baseline and week 20) were available in 26 patients (39% of enrolled subjects); in 10/16 (63%) patients receiving sebelipase alfa there was improvement in hepatic steatosis (≥5% reduction), as opposed to 4/10 (40%) subjects on placebo; although this was not a statistically significant difference. 26 The number of patients who experienced adverse events was similar in study drug and placebo groups; most episodes were deemed mild and considered by the investigator to be unrelated to study drug.
As with other studies, atherogenic biomarkers were evaluated for the patients enrolled in the ARISE study (reported separately), which included some subjects on lipid-lowering drugs (LLD, 26 of 61 evaluable subjects, 43%). 27 Baseline values for LDL-C, LDL-P number (mean total concentration was 2151 nmol/L), and apoB were elevated, while HDL-C and apoA1 were low; a pattern consistent with cholesterol dysregulation. Treatment with sebelipase alfa for 20 weeks significantly improved altered lipid profiles, irrespective of lipid-lowering medication usage; the improvements were sustained for the period of observation (up to 52 weeks). 27 The reduction in LDL-C with treatment was associated with a reduction in the LDL-P number. For those on sebalipase alfa from the start, at the 20-weeks timepoint mean (SD) percentage change from baseline in the LDL-P number for patients using LLD or not was −34.2% (−13.6) and −21.7%
(−20.6), respectively; both of these results were statistically significantly different from values noted for the cohort on placebo. At study week 52, the corresponding LDL-P changes were −43.0% (11.8) and −43.8% (16.2) for these patients on sebalipase alfa from the start. 27 
Hypersensitivity and Immunogenicity
In the clinical studies (and as noted in the SPC, EMEA summary of product characteristics), infusion-related reactions were noted as consistent with anaphylaxis (in 3/106, 3%) or hypersensitivity (21/106, 20%). 28 The events were observed in both infants and older subjects. 24, 26 In these treated patients, the majority of reactions occurred during or within 4 hrs of the completion of the infusion. As with other enzyme therapies for LSDs, premedication and/or slower rate of infusion enabled the administration of further treatments. With respect to seroconversion (ie, antibody formation), in the LAL-CL02 study, 5 of 35 (14%) evaluable children and adults who were given sebelipase alfa (at 1 mg/kg once every other week) during the 20-week double-blind period of the study developed anti-drug antibodies (ADA). 26, 28 While in the LAL-CL03 study, 4 of 7 (57%) evaluable infants developed ADA during treatment with sebelipase alfa given once weekly. 25, 28 At the time of initial ADA positivity, three of these infants were receiving a dose of 1 mg/kg and the fourth patient was on 3 mg/kg. Most patients who developed ADA did so within the first 3 months of exposure. ADA titers decreased to undetectable levels during continued treatment in the majority of treated patients. Two of the patients in the LAL-CL03 study were determined to be positive for ADA that inhibited in vitro enzyme activity and cellular uptake of the enzyme, which was not observed in the patients enrolled in the LAL-CL02 study who had seroconverted. 25, 27 There was no determination of an association between the development of ADA to sebelipase alfa and impact of treatment or the occurrence of adverse events.
Adjunctive Therapies-Lipid-Lowering Drugs
There are several classes of lipid (cholesterol)-reducing drugs (including HMG-CoA reductase inhibitors, bile acid sequestrants, fibric acid derivatives, and plant stanols). In patients with hypercholesterolemia, a statin is considered by most as an established first-line therapy. 29 Other drug classes are used to augment statin effects on LDL cholesterol, as a substitute for statins (when contraindicated or cannot be used), or to treat non-LDL cholesterol disorders (primarily hypertriglyceridemia).
Apart from the mechanism(s) of action relating to regulation of blood lipids, the benefit seen with lipid-lowering drugs (LLD) may include regression of atherosclerosis, plaque stabilization, reversal of endothelial dysfunction, inhibition of inflammatory pathways, and decreased thrombogenicity. 30 At present, it is not clear whether these putative processes are relevant disease pathways contributing to morbidity in LAL deficiency. Anyhow, prior to the availability of ERT, LLDs had been prescribed to LAL deficient patients; primarily those with an attenuated (CESD) phenotype. 31, 32 These reports suggest the patients showed continued progression to liver cirrhosis; although disease stage at initiation of lipid-lowering drugs may have been a factor. A recent report describes the use of ezetimibe, a drug that inhibits the gastrointestinal absorption of cholesterol; mediated through binding with the Niemann-Pick C1-Like 1 (NPC1L1) protein. Thus, unlike other classes of LLDs, ezetimibe does not inhibit hepatic cholesterol synthesis or increase its excretion in bile. 33 The aim for prescribing ezetimibe in patients with LAL deficiency would be to promote an increase in the circulatory clearance of cholesterol and a reduction of hepatic cholesterol deposits. Three patients with CESD, not on enzyme therapy, had been treated with ezetimibe for 9-10 years; this was supplemented with low dose atorvastatin in two patients during the last 6 years of observation. 34 All patients showed significant changes in their lipid profile, including a reduction of ALT, cholesterol and triglyceride. Furthermore, there was no demonstrable progression of liver fibrosis.
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Although the use of lipid-lowering agents may be indicated to achieve an optimal outcome in patients with CESD, there may be other mechanisms of disease beyond those attributable to disruption of lipid metabolism associated with LAL deficiency that may be drivers of morbidity. Thus, close monitoring of patients on lipid-lowering agents will be necessary, so sebalipase alfa therapy can be initiated, if deemed appropriate.
Current Perspectives
Lysosomal acid lipase (LAL) deficiency in its most severe form (i.e., Wolman disease) is a life-limiting illness; unlike Hurler syndrome (mucopolysaccharidosis type I) disease course in LAL deficiency has not been significantly impacted by hematopoietic stem cell transplantation. 35 As noted, this lack of improvement following HSCT is likely due to continued disease process in affected tissues not derived from DovePress hematopoietic elements. Moreover, patients with an attenuated phenotype (i.e., Cholesteryl-ester storage disease) continue to progress to liver cirrhosis, albeit at varying rates, despite the use of lipid-lowering drugs (LLD) to modify abnormal lipid profile, a contributor to morbidity in LAL deficiency. However, the majority of this later group of patients were on various drug classes; it is possible a more favorable outcome with newer LLDs may be discerned, but this would require additional long-term studies.
The outcome of enzyme replacement therapy with sebelipase alfa points to a more beneficial prognosis among treated cases. To summarize: Increased survival has been observed in treated infants with Wolman disease, and significant improvements in liver function with reduction in hepatic fat content have been observed in both treated children and adults. Moreover, changes favoring a less atherogenic lipid profile were observed. These findings suggest a reduction in the risk of hepatic fibrosis and progression to cirrhosis among treated patients with LAL deficiency can be anticipated; perhaps also ultimately leading to a reduction in the incidence of cardio-and cerebrovascular-related events. Determinants of outcome, including the impact of pretreatment disease severity, remain to be more fully delineated. Ultimately, long-term studies will clarify the scope of clinical benefit for sebelipase alfa in patients with LAL deficiency. Anyhow, sebelipase alfa treatment will likely become the standard of care in jurisdictions where available, given the procedural morbidity and mortality risks associated with HSCT. In these severe cases, it would be deemed appropriate to initiate therapy at diagnosis. Initiation of therapy in attenuated cases of LAL deficiency necessitates local guidelines, given the heterogeneity not only in terms of clinical presentation, but also with rates of disease progression. Regardless, in patients with dyslipidemia, it would be appropriate to consider dietary advice and the use of lipidlowering agents prior to and following diagnostic confirmation, which unfortunately appears to be significantly delayed in a significant proportion of cases. Involvement of lipid and liver specialty teams, in drawing a multidisciplinary consensus regarding follow-up would be ideal. A limited number of reports have described findings on liver biopsy, and noninvasive tests, such as FibroScan and FibroTest in assessment of patients with LAL deficiency; 36 and there continues to be debate regarding how findings from these investigations should be used to inform decisions in relation to enzyme replacement therapy. Consensus recommendations for the initial assessment and ongoing monitoring of children and adults with LAL deficiency have recently been published. 37 Enzyme replacement therapy (ERT)-based on the administration of sebelipase alfa -for LAL deficiency adds to the growing list of recombinant proteins currently available for infusion in patients with a lysosomal storage disorder (LSD). As with other ERTs, it has been shown to be relatively safe and efficacious across a range of phenotypes, from the severe Wollman to the attenuated (CESD) clinical forms. Although there were >100 patients treated during the clinical trial phase, with additional experience drawn from those initiated on therapy in certain jurisdictions where treatment was made available, additional studies will be required to ascertain whether the changes in the natural course of disease are full or may in some cases result in emergent phenotypes that were not a previously recognized feature of LAL deficiency, given historically limited survival; particularly in patients with Wollman disease. The experience with other LSDs may be instructive in this regard. For instance, in Gaucher disease, one of the earliest LSDs for which enzyme replacement therapy (ERT) became available, it has emerged affected individuals and their carrier relatives have an increased risk for Parkinson disease (compared with the general population), and that amongst affected patients this risk does not appear to be mitigated by ERT. 38 Perhaps a more relevant situation is the experience relating to follow-up of patients with infantile Pompe disease (including only those with survival to age ≥5 years) on ERT (age ≤6 months at treatment initiation with alglucosidase alfa). Long-term survivors (n-11, median age of 8.0 years; range: 5.4-12.0 years) exhibited sustained improvements in cardiac structure and function, and in gross motor function. 39 However, some patients displayed a variety of issues including residual muscle weakness, hearing loss, risk for arrhythmias, hypernasal speech, dysphagia with risk for aspiration, and osteopenia. 39 Of note, these were children -all of whom were cross-reactive immunologic material (CRIM) positive -had low or undetectable antialglucosidase alfa antibody titers. It is known that patients with infantile onsetdisease and null alleles and who are CRIMnegative deteriorate despite ERT when not given immunomodulatory agents concomitantly; indeed, outcome may remain unfavorable in some cases despite immunomodulation. 40, 41 With respect to patients with the attenuated variantlate-onset Pompe disease (LOPD) -a systematic review of outcomes revealed a nearly five-fold lower mortality rate in ERT-treated patients, compared to those who were untreated (rate ratio: 0.21; 95% credible interval: 0.11, 0.41). 42 In this report, 22 publications pertaining to 19 studies/trials (with an average duration of 45.7 months) were examined, encompassing 438 patients. 43 On average, treated patients showed a rapid improvement, with an increase of 1.4% FVC after 2 months; however, this was followed by a slow regression back to baseline over a three-year period. In the 6-min walk test, the largest improvement was observed over the first 20 months in treated patients; approximately 50 m increase in performance over baseline, with stabilization in the following years. As deterioration would have been anticipated, stabilization could be deemed a measure of disease control. A more recent report notes that among treated patients with LOPD followed for an extended period, extramuscular features have been found; findings not previously within the spectrum of disease manifestation. 43 A potential explanation for these observations may be that tissues that retain pathology (whether persistent storage material and/or secondary fibrotic changes) are "sanctuaries," that is, sites not accessible to intravenously infused enzyme. It may also be disease at a certain stage may be "beyond storage," a consequence of concomitant or downstream phenomenon, not fully reversible. The relevance of these findings to treatment with ERT in LAL deficiency remains to be determined; hopefully, these issues will be addressed by ongoing data collection through registries. As with other genetic lipid disorders, there is great value in a registry program to capture ongoing outcomes and enable the identification of deficiencies in current diagnostic and management practices. 44 As evident from the experience of treatment of LSDs with recombinant enzyme infusions, early diagnosis is critical as burden of disease when therapy is initiated can limit clinical response. This is evident in the experience with patients with Fabry disease on ERT; for instance, it has been shown that those with cardiomyopathy associated with myocardial fibrosis may continue to suffer from or be at risk for serious cardiac related events, including sudden cardiac death. 45 The outcome of clinical trials and early experience with enzyme therapy for LAL deficiency indicate a favorable impact on disease course; both safety and efficacy data suggest a significant proportion of patients will benefit from therapy. Although there are patients who develop neutralizing antibodies against the enzyme, desensitization measures can be introduced as a mitigating approach. 46 It is also evident there are aspects of the condition which can be modified by other approaches such as HSCT and the use of lipid-lowering drugs. Although the experience with these other measures, prior to introduction of sebalipase alfa, has revealed their limitations, it is possible a combination of options or a multi-modality approach may enable a better or more optimal outcome. However, there will need to be a careful evaluation of the overall risk to benefit ratio. As with other ERTs for LSDs, cost remains a major challenge, particularly for countries with constrained healthcare resources. 
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